Galactomannan biosynthesis in legume seed endosperms involves two Golgi membrane-bound glycosyltransferases, mannan synthase and galactomannan galactosyltransferase (GMGT). GMGT specificity is an important factor regulating the distribution and amount of (136)-␣-galactose (Gal) substitution of the (134)-␤-linked mannan backbone. The model legume Lotus japonicus is shown now to have endospermic seeds with endosperm cell walls that contain a high-Gal galactomannan (mannose [Man]/Gal ϭ 1.2 -1.3). Galactomannan biosynthesis in developing L. japonicus endosperms has been mapped, and a cDNA encoding a functional GMGT has been obtained from L. japonicus endosperms during galactomannan deposition. L. japonicus has been transformed with sense, antisense, and sense/antisense ("hairpin loop") constructs of the GMGT cDNA. Some of the sense, antisense, and sense/antisense transgenic lines exhibited galactomannans with altered (higher) Man/Gal values in their (T 1 generation) seeds, at frequencies that were consistent with posttranscriptional silencing of GMGT. For T 1 generation individuals, transgene inheritance was correlated with galactomannan composition and amount in the endosperm. All the azygous individuals had unchanged galactomannans, whereas those that had inherited a GMGT transgene exhibited a range of Man/Gal values, up to about 6 in some lines. For Man/Gal values up to 4, the results were consistent with lowered Gal substitution of a constant amount of mannan backbone. Further lowering of Gal substitution was accompanied by a slight decrease in the amount of mannan backbone. Microsomal membranes prepared from the developing T 2 generation endosperms of transgenic lines showed reduced GMGT activity relative to mannan synthase. The results demonstrate structural modification of a plant cell wall polysaccharide by designed regulation of a Golgi-bound glycosyltransferase.
Those leguminous seeds that retain an endosperm in the mature state (the endospermic legumes) always have endosperm cell walls that consist almost entirely of galactomannans. The galactomannans are multifunctional molecules. Before and during germination, their hydrophilic properties enable the endosperm to imbibe water and to deploy it to buffer the embryo against subsequent drought (Reid and Bewley, 1979) . After germination, they are mobilized as storage reserves (Reid, 1985) . The molecules themselves are composed of a (134)-␤-linked mannan backbone that carries single-unit galactosyl side chains attached (136)-␣. Their hydrophilic properties result from their highly branched structure (Man/Gal between 1.1 and about 3.5; Meier and Reid, 1982; Reid, 1985) . Some legume seed galactomannans are used in industry. Once isolated from the seeds, they are water soluble and of high M r , giving viscous solutions that, on drying, form coherent, airtight films that rehydrate only slowly. Their applications exploit these properties (Dea and Morrison, 1975; . In the food context, it is well established that Gal content critically affects the commercial functionality of legume seed galactomannans. Valuable rheologies based on mixed polysaccharide interactions and low temperature gelation (used e.g. to stabilize ice cream) are exhibited only by those galactomannans with Gal contents toward the lower end of the natural range (Dea et al., 1977; Richardson and Norton, 1998) .
The mechanism and regulation of galactomannan biosynthesis has been studied comparatively in the developing seed endosperms of three legume species: fenugreek (Trigonella foenum-graecum; Man/ Gal ϭ 1.1) guar (Cyamopsis tetragonoloba L. Taub.; Man/Gal ϭ 1.6), and senna (Senna occidentalis L. Link.; Man/Gal ϭ 3.3; Campbell and Reid, 1982; Edwards et al., 1989 Edwards et al., , 1992 . Two tightly membrane-bound glycosyltransferases together catalyze the polymerization of galactomannans: a GDP-Man (and Mg ϩ2 )-dependent (134)-␤-d-mannosyltransferase or "mannan synthase" (MS) and a UDP-Gal (and Mn ϩ2 )-dependent mannanspecific (136)-␣-d-galactosyltransferase ("galactomannan galactosyltransferase" [GMGT] ). In microsomal membrane preparations, the interaction of MS and GMGT in galactomannan biosynthesis in vitro conforms to an experimental model whereby Gal is transferred only to an acceptor Man residue at or near the elongating nonreducing end of the mannan backbone . Transfer of Gal residues conforms to statistical rules whereby the probability of obtaining Gal substitution at the acceptor Man residue is determined by the existing states of substitution at the nearest neighbor and second nearest neighbor Man residues (toward the reducing terminus) of the elongating backbone. This is a second order Markov chain model. Furthermore, the maximum degrees of Gal substitution allowed by the deduced Markov probabilities for fenugreek, guar, and senna membranes are very close to those observed for the primary product (Edwards et al., 1992) of galactomannan biosynthesis in vivo . Thus, the biosynthesis of galactomannans requires a specific functional interaction between MS and GMGT, within which the transfer specificity of the GMGT is important in determining the statistical distribution of galactosyl residues along the mannan backbone and the Man/Gal ratio (Edwards et al., 2002) .
The GMGT of fenugreek has been detergent solubilized with retention of activity, enabling its full molecular characterization with proof of functional identity . The enzyme is a type II membrane protein with a single transmembrane ␣-helix close to the N terminus that ensures its anchorage to the Golgi membrane. Neither the ␣-helix nor the short N-terminal domain are required for catalytic action . The detergentsolubilized fenugreek GMGT has a principal acceptor substrate recognition sequence of six (134)-␤-linked Man residues, with transfer occurring at the third Man residue from the nonreducing end of the sequence (Edwards et al., 2002) .
We now show that the seeds of the model legume plant Lotus japonicus are endospermic, containing a galactomannan that is highly Gal substituted (Man/ Gal ϭ 1.2-1.3), and we map the time course of galactomannan biosynthesis. We also report the isolation from developing L. japonicus endosperms of a cDNA encoding a functional GMGT, and we explore variations in galactomannan structure and amount in the endosperms of seeds from L. japonicus transgenic lines transformed with L. japonicus GMGT cDNA constructs designed to induce posttranscriptional silencing.
RESULTS
The Seeds of L. japonicus Ecotype Gifu Are Endospermic and Contain a High-Gal Galactomannan L. japonicus (Regel) Larsen ecotype Gifu is one of a limited number of readily transformable "model legume" plants (Handberg and Stougaard, 1992) . It is diploid, self-fertile, has a relatively short generation time, and produces relatively large quantities of seeds. Another species from the genus Lotus has long been known to be endospermic (Nadelmann, 1890). On light microscopic examination, the seeds of L. japonicus clearly contained a well-developed endosperm that could be dissected free of testa and embryo. Gal and Man accounted for over 93% of the neutral sugars released on acid hydrolysis of total cell wall material prepared from endosperms isolated by dissection, and the Man/Gal value was 1.23 (Table  I) . Thus, the galactomannan in the cell walls of the L. japonicus seed endosperm has a degree of Gal substitution near the higher end of the natural range.
Galactomannan Biosynthesis in Developing L. japonicus Seeds
Cell wall deposition in the developing L. japonicus endosperm was mapped by tagging flowers at anthesis and scoring developing seed endosperms for dry weight and for the amount and composition of their total cell wall materials. Dry matter began to be deposited in the endosperm around 20 d after anthesis and ended by about d 35 (Fig. 1) . Residues of Man and Gal accumulated steadily in the endosperm cell walls throughout the period of dry weight accumulation, whereas levels of the other monosaccharides remained low and fairly constant (Fig. 2) . Microsomal membrane preparations from endosperms isolated approximately 28 d after anthesis catalyzed the incorporation of label from GDP-( 14 C) Man alone and from GDP-( 14 C) Man plus unlabeled UDP-Gal into labeled 70% (v/v) methanol-insoluble products. These products were characterized using the pure, structure-sensitive endo-(134)-␤-d-mannanase the action of which has been described in detail by McCleary and Matheson (1983) . The optimum substrate subsite-binding requirement of this enzyme is a stretch of five (134)-␤-linked d-mannosyl residues, although mannotetraose is nonetheless hydrolyzed slowly. Thus, the products of digestion of an unsubstituted (134)-␤-mannan are mannobiose (M2) and mannotriose (M3), usually accompanied by some Man. Gal substitution at the Man residues occupying the second and/or the fourth position within the binding sequence prevents hydrolysis, with the result that only certain well-defined fragment oligosaccharides are released from galactomannans by the action of the enzyme (McCleary, 1979; McCleary and Matheson, 1983) . The smallest of these allowed oligosaccharides are M2, M3, and the three Gal-substituted manno-oligosaccharides monogalactosylmannobiose, monogalactosylmannotriose, and digalactosylmannopentaose, the molecular structures of which are illustrated in Edwards et al., 2002 . Figure 3 documents the labeled manno-and galactomanno-oligosaccharides released from the labeled in vitro products on digestion with the Aspergillus niger endo-␤-mannanase. The labeled product formed with GDP-( 14 C) Man alone released labeled M2 and M3 and, therefore, was (134)-␤-linked d-mannan. The product formed in the presence of GDP-( 14 C) Man and unlabeled UDP-Gal gave M2, M3, monogalactosylmannobiose, monogalactosylmannotriose, digalactosylmannopentaose, plus other higher galactomanno-oligosaccharides, and could be confidently identified as galactomannan. In subsequent experiments, it was found that this stage of endosperm development with active galactomannan biosynthesis could be recognized reliably without flower tagging because the color of the testae of the developing L. japonicus seeds had just begun to change from green to brown.
A Putative GMGT cDNA from Developing L. japonicus Endosperms
To facilitate the down-regulation of GMGT in L. japonicus endosperms by posttranscriptional silencing, it was desirable to have at least a partial sequence of an endogenous GMGT cDNA. Using single-stranded cDNA reverse transcribed from L. japonicus endosperm RNA isolated during active galactomannan biosynthesis as template, a PCR fragment (approximately 500 bp) was initially amplified using primers (5Ј GA[A,C,G,T] TGG AT[A,C,G,T] TGG TGG GT[A,T] GA[C,T] 3Ј and 5Ј TGA GTG AAA GAG ACG TAC GGA 3Ј) that had been designed originally to the fenugreek GMGT sequence and sequenced. Application of 3Ј-RACE-PCR and 5Ј-RACE-PCR (Frohman and Martin, 1989 ) allowed the amplification and sequencing of the flanking regions toward the 3Јand 5Ј ends, respectively. The whole sequence, which included a complete open reading frame, was PCR amplified from the L. japonicus cDNA, cloned, and sequenced fully. The open reading frame (1,314 bp including the stop codon) encoded a 437-amino acid polypeptide, the sequence of which was closely similar to that of fenugreek GMGT. The two protein sequences (Fig. 4) showed 74.5% identity, and the cDNA sequences encoding the two open reading frames were 72.7% identical (sequences not shown; GenBank accession nos. for the fenugreek and L. japonicus sequences are AJ245478 and AJ567668, respectively). Using Agrobacterium tumefaciens and a GPTV binary plasmid vector (Becker et al., 1992) , L. japonicus hypocotyl explants were transformed with constructs carrying the full-length L. japonicus putative GMGT cDNA, inserted in sense and antisense orientations between the 2x35S promoter and the NOS terminator sequence. Geneticin G418-resistant plantlets regenerated from tissue culture were screened by genomic PCR using primers designed to the transgene and NOS terminator sequences. This showed that over 90% of the geneticin-resistant plantlets were transformed.
The control L. japonicus plantlets had no detectable GMGT activity (Reid et al., 2003) in their leaf tissues. This was as expected because galactomannan is present only in the cell walls of the seed endosperm. The primary transgenics that had been transformed with antisense GMGT constructs also showed no GMGT activity in their leaf tissues. On the other hand, some of the primary transgenics that had been transformed with the sense constructs did show GMGT activity in their leaves. This provided proof that the L. japonicus endosperm cDNA encoded a functional GMGT and confirmed the effectiveness of the 2x35S promoter in driving the expression of the constructs.
When plantlets regenerated from each independent geneticin-resistant callus were grown on to flowering (self-pollination) and seed formation, no unusual developmental phenotypes were observed for any of the plants. Seeds (T 1 generation, self-pollination) were gathered from all plants, and total cell wall materials from their endosperms were isolated. Wall materials from batches of 10 endosperms from each plant were subjected to total acid hydrolysis and compositional analysis. As expected, all the samples hydrolyzed to Gal and Man, with only small amounts of other monosaccharides. The data were screened for variations in the quotient Man/Gal from the value of 1.2 to 1.3 that was found to be characteristic of the endosperms of control L. japonicus seeds. Of 30 presumed antisense lines screened, five variants were noted. The 30 presumed sense lines gave only two variants.
The leaves of six of the seven plants yielding seeds with variant Man/Gal values were PCR positive on screening with the primer pairs designed to the promoter and NOS terminator sequences, respectively. The seventh line, antisense line E9, was PCR negative using these primers. However, the use of the primer designed to the promoter sequence along with a primer designed to a sequence beginning 400 bp from the 5Ј end of the antisense transgene gave amplification of DNA of the expected size (500 bp). However, no amplification was obtained using a primer designed to a sequence 450 bp further toward the 3Ј end of the transgene sequence. Thus, antisense line E9 contained only a partial transgene sequence from which the 3Ј end and the NOS terminator had been lost. The two sense lines that showed altered galactomannan structure did not have GMGT activity in their leaf tissues.
Sense/Antisense "Hairpin Loop" Constructs Give Greatly Increased Frequency of Occurrence of Changes in Galactomannan Structure
Following reports that sense/antisense constructs designed to give rise to self-complementary "hairpin" RNA were significantly more efficient at bringing about posttranscriptional gene silencing in plants than antisense or sense sequences (Smith et al., 2000) , hybrid cDNAs were constructed. These comprised the full-length L. japonicus GMGT cDNA followed by an antisense sequence that was base complementary to the 5Ј end of the GMGT sequence. Two constructs, differing in the length of the antisense component, with the open reading frame encoded by the putative GMGT cDNA from developing L. japonicus endosperm. The fenugreek sequence and identical amino acid residues in the L. japonicus sequence are boxed. Fgt.pro, Fenugreek GMGT protein sequence. Ljgt.pr, L. japonicus GMGT protein sequence.
were elaborated and used as above to obtain presumed primary L. japonicus transformants. Of the 26 presumed primary transformant lines that were obtained (14 transformed with the "long" construct and 12 with the "short" one), 21 were PCR positive on screening their leaf tissues using primer pairs designed to the 3Ј end of the cDNA and the NOS terminator sequence. Of these, 15 exhibited Man/Gal values greater than 1.3 on screening their T 1 generation seeds as above. The five PCR-negative lines had seeds with apparently unchanged Man/Gal values. The much higher frequency of altered Man/Gal values in the transgenic lines carrying sense-antisense GMGT constructs relative to those with simple sense and antisense GMGT constructs provided evidence that the compositional changes could be attributed to a process of posttranscriptional silencing of endogenous gene(s) that encoded GMGT in the developing seed endosperm, with consequent down-regulation of GMGT activity (Table II) .
Segregation of the GMGT Transgene Constructs in Plants Grown from the Embryos of Individual T 1 Generation Seeds in Relation to Galactomannan Composition in the Endosperm of the Same Seed
For a single transgene insertion into a diploid genome, Mendelian segregation in the T 1 generation plant population resulting from self-pollination predicts 25% azygous individuals lacking the transgene, 50% heterozygous individuals, and 25% of individuals homozygous for the transgene. For a double independent insertion, Mendelian segregation rules predict a ratio of 1:14:1 between azygous individuals, various heterozygous combinations, and homozygous individuals. In a first set of experiments, T 1 generation seeds from some of the sense and antisense lines with variant Man/Gal values (D33 and D41 sense lines; E4, E9, and E34 antisense lines) were germinated, and the young plants were screened by genomic PCR of leaf tissue for segregation of the transgene. The percentage (about 25%) of azygous individuals without the transgene was generally consistent with Mendelian segregation of a single transgene insert. However, one line (D33) showed a much lower number of azygous individuals, suggesting a double transgene insertion.
At the same time, further seeds from the five lines, plus a control line, were dissected, and the Man/Gal values for the endosperm galactomannans were determined for individual seeds. The results showed a surprisingly high degree of variability in Man/Gal value between individual seeds from each of the transgenic lines. However, the individual seeds from the control line exhibited Man/Gal values that fell within a narrow range (1.20-1.32; mean 1.26, sd 0.03; 21 seeds analyzed). All the transgenic lines included some individual seeds that had unchanged Man/Gal values of 1.2 or 1.3, but, with the exception of line D33 (probable double insert), the numbers of these individuals were greatly in excess of the numbers of azygous individuals predicted on the basis of Mendelian segregation. Thus, it seemed appropriate to attempt to correlate transgene inheritance in the embryo with galactomannan composition in the endosperm of the same seed.
Individual seeds from four of the above sense and antisense lines-D41(sense, single transgene insertion), D33 (sense, probable double transgene insertion), E4, and E9 (antisense, single transgene insertion) were imbibed and then dissected carefully to remove the endosperm for analysis without damaging the embryo. Individual endosperms were processed to obtain total cell wall material for analysis. The corresponding embryos were germinated, and the young plants were analyzed by genomic PCR for the presence or absence of the transgene. For comparison, individual seeds from four of the "hairpin loop" lines-F4 and F13 (long construct) and G2 and G6 (short construct)-were processed in the same way.
The data (Fig. 5) confirmed that there was considerable variability in Man/Gal value between individual seeds from any one transgenic line and that the numbers of azygous (PCR-negative) individuals were consistent with Mendelian segregation of a single GMGT transgene insert for all lines except for D33. The segregation statistics for line D33 were again consistent with a double transgene insertion. The azygous individuals that had not inherited a GMGT transgene insert all had galactomannans with Man/Gal values in the range 1.2 to 1.4. The transgenic individual seeds from the sense and antisense lines that had a single transgene insert and from the short hairpin lines had galactomannans with Man/ Gal values that ranged from 1.2 to 1.4 (indistinguishable from azygous individuals and controls) up to about 4. In contrast, the galactomannans in all the transgenic seeds from the long hairpin lines and from sense line D33 (probable double insert) had Man/Gal values that were strongly altered, ranging from 3 to 4 to almost 6. Altered galactomannan composition required the inheritance of a GMGT transgene construct, and the constructs giving the greatest change in Man/Gal value for a single transgene insertion were of the hairpin type, which are known to bring about more marked posttranscriptional gene silencing than conventional antisense or sense ones (Smith et al., 2000) . Thus, the data are again consistent with the hypothesis that the observed changes in galactomannan composition are brought about by down-regulation of endogenous GMGT activity in the developing L. The method used to analyze total endosperm cell wall material for Man/Gal value normally involved the addition of an internal standard during the hydrolysis procedure, allowing the total amount of galactomannan or of any individual monosaccharide residue per endosperm to be calculated. Thus, it was possible for all the single-seed analyses in Figure 5 to plot galactomannan amount against Man/Gal value. The graph (Fig. 6A ) shows significant scatter, as is to be expected from a seed population with considerable variation in the size of individual seeds (Fig. 1) . Nonetheless, there is a clear negative correlation between galactomannan amount and Man/Gal value. A negative correlation is to be expected if the observed increases in Man/Gal value arise from decreased Gal substitution of a mannan backbone, the amount of which remains constant. In this case, the expected relationship between Man/Gal value and galactomannan amount can be calculated and is indicated in Figure 6A . Clearly, there is good fit between the observed data points and the calculated line between Man/Gal ϭ 1.2 and Man/Gal ϭ 4. At the higher Man/Gal values (4 to the maximum observed value of 6), the decrease in galactomannan amount is greater than predicted, indicating that further decreases in Gal substitution are accompanied by a slight decrease in the amount of the mannan backbone. This is confirmed on plotting the absolute amounts of Gal and of Man residues per endosperm against Man/Gal value (Fig. 6B) .
These analytical data show clearly that the observed changes in galactomannan composition arise from decreased galactosyltransfer against a background of constant or even somewhat decreased synthesis of mannan backbone. This was a direct indicator that the primary cause of the observed changes in galactomannan structure in the L. japonicus transgenic lines was decreased GMGT activity relative to MS in the developing seed endosperm.
In the Endosperms of Developing T 2 Generation Seeds That Are Actively Synthesizing Galactomannan, GMGT Activity Is Lower Relative to MS in Transgenic Lines Than in Controls
Individual plants (T 1 generation) from those transgenic lines exhibiting the largest increases in Man/ Gal value were screened by PCR to ensure that they had inherited the transgene, and then allowed to self-pollinate and set seed. Pods were chosen at the time when galactomannan biosynthesis was at a maximum and endosperm homogenates were assayed for galactomannan biosynthesis in vitro, alongside controls. Because Gal incorporation from UDPGal in such systems is absolutely dependent on the simultaneous synthesis of mannan backbone from GDP-Man , the Man/Gal value of an in vitro galactomannan product formed using saturating concentrations of both sugar nucleotide substrates provides a measure of GMGT activity relative to MS. The data ( Table III) showed clearly that GMGT activity was reduced relative to MS in those lines that exhibited increased Man/Gal values (Fig. 5) . Furthermore, the amounts of reduction of GMGT activity observed in the different lines reflected the corresponding changes in Man/Gal value (compare Table III with Fig. 5 ). This provided a direct link between changed galactomannan structure and decreased GMGT activity in the developing seed endosperm.
DISCUSSION
With its endospermic seeds and high-Gal galactomannan, the model legume plant L. japonicus appeared a suitable system to explore the effect on galactomannan structure and/or amount of downregulating GMGT in developing endosperms.
A cDNA clone that encoded a functional GMGT closely similar to that of fenugreek was obtained from developing L. japonicus endosperms that were actively synthesizing galactomannan. Some L. japonicus primary transgenic lines transformed with the L. japonicus GMGT cDNA in sense or antisense orientations or with sense-antisense "hairpin-loop" constructs under the control of the strong 2x35S promoter had seeds (T 1 generation, self-pollination) that contained structurally altered endosperm galactomannans with increased Man/Gal values. The frequency of occurrence of the structural changes was very much greater with the "hairpin-loop" constructs. Transgene inheritance was consistent with Mendelian rules, and altered galactomannan structure was observed only in endosperms from seeds that had inherited a GMGT transgene construct. The observed increases in Man/Gal value were firmly attributed to decreased levels of Gal substitution of an unchanged or decreased amount of mannan backbone, and the endosperms of developing seeds from transgenic lines contained significantly less GMGT activity relative to MS than did controls. On the basis of these observations, it was concluded that the L. japonicus transgene constructs had brought about a measure of posttranscriptional silencing of gene(s) encoding endogenous GMGT(s) in the developing endosperm.
The current experimental model for galactomannan biosynthesis in vivo requires a functional interaction between MS and GMGT. The nascent mannan backbone is exposed to GMGT action as it emerges from the MS, whereas the transfer specificity of the GMGT (Edwards et al., 2002) determines the statistical distribution of Gal residues according to a second order Markov chain model Edwards et al., 2002) . In fenugreek, guar, and senna, the observed degree of Gal substitution of the primary product (Edwards et al., 1992) of galactomannan biosynthesis in vivo is very close to the theoretical maximum permitted by the four Markov probabilities scaled to let the highest one of the four equal 1.00 . A simple explanation of this observation is that there must be sufficient GMGT activity available at the site of synthesis always to ensure substitution of the nascent mannan chain to the maximum extent allowed by the Markov rules. In accordance, reduction of the activity of GMGT relative to MS would be expected to bring about a situation where there is insufficient GMGT to maintain maximal Gal substitution of the emerging mannan chain. This is fully consistent with our experimental findings.
We recently reported that tobacco (Nicotiana tabacum) transgenic lines expressing fenugreek GMGT under the control of the strong 2x35S promoter had structurally altered galactomannans in their seed endosperm cell walls (Reid et al., 2003) . The wild-type tobacco seed contains a (134)-␤-linked mannan with a very low degree of Gal substitution (Man/Gal about 20). The Man/Gal values of the galactomannans in the transgenic seeds were remarkably constant at about 7.5, and it was speculated that this might represent the maximum degree of substitution achievable in the absence of any specific association between the tobacco MS and fenugreek GMGT proteins other than their proximity on the Golgi membrane. The much higher degrees of Gal substitution observed in the legume seed systems would then be the result of cooperativity between the MS and GMGT proteins, probably involving an enzyme complex. Our observation that decreasing Gal substitution beyond a limiting value (Man/Gal about 4-4.5) is accompanied by a decrease in mannan backbone may indicate that some specific association with GMGT protein is essential for MS activity in legume seed systems. Such an association would favor the synthesis of relatively highly Gal-substituted galactomannan products exhibiting the hydrophilic properties that have been shown to be of importance in the germinative strategy of legume seeds (Reid and Bewley, 1979) .
The Man/Gal value at which backbone synthesis decreases (about 4) may be indicative of a further mechanism to prevent the synthesis of self-associated low-Gal galactomannan products. It is known that decreased Gal substitution in galactomannans leads to increased inter-chain association and decreasing water solubility and that Man/Gal values of about 4 correspond to Gal contents around which the water solubility of galactomannans becomes limited because of self-association of the mannan backbone. Furthermore, Man/Gal values of about 6, the maxi- (Fig. 5) . 22, 19 Line E4 Antisense (Fig.5) . 41 Line F4
Hairpin construct-long (Fig.5) . 25, 28 Line G2
Hairpin construct-short (Fig.5) . 31 a Where two figures are entered, they were obtained using different enzyme preparations.
mum observed, correspond to Gal contents at which backbone interactions are strong enough to prevent dissolution of galactomannan in water even at 50°C (Mannion et al., 1992; Whitney et al., 1998) . Thus, the biosynthetic enzyme system (or complex) may be inhibited by an accumulation of self-associated galactomannan at the site of synthesis, or selfassociated galactomannan may bring biosynthesis to a halt indirectly by in some way preventing the subsequent process of secretion from the Golgi into the wall space. Our failure to find any individual seeds containing galactomannans with Man/Gal values greater than 6, or seeds without galactomannan, is logical if suppression of galactomannan biosynthesis in the endosperm leads to failure of a seed to develop. Alternatively, the observed partial suppression of GMGT activity in L. japonicus endosperm may be the best achievable using our transgene constructs. Interestingly, we did not detect any differences in germination and seedling development between seeds containing Gal-reduced galactomannan and controls. However, differences in their responses to environmental challenge, notably drought stress, may yet emerge. For any given transgenic line, those seeds that had inherited a GMGT transgene construct showed wide variation in their galactomannan compositions (Fig. 5) . This variation may reflect the complexity of transgene inheritance and expression in the triploid endosperm tissue in which maternal inheritance exerts greater influence.
To our knowledge, this is the first report of structural modification of a plant cell wall polysaccharide by down-regulating one of the Golgi-bound glycosyltransferases responsible for its polymerization. Down-regulating L. japonicus GMGT has resulted in modified galactomannans that are substantially less Gal substituted than controls. They exhibit Man/Gal values that range up to about 6. A similar range of Man/Gal values has been achieved in a commercial in vitro bioprocess for the enzymatic conversion of guar gum (Man/Gal ϭ 1.6) to valuable low-Gal galactomannans (Bulpin et al., 1990) . The process, which involves the action of a yeast (Saccharomyces cerevisiae)-expressed guar endosperm ␣-galactosidase on hydrated guar galactomannan, has significant costs. Attempts to achieve similar modification in planta by expressing senna ␣-galactosidase (Edwards et al., 1992) in transgenic guar (Joersbo et al., 1999) under the control of a wheat (Triticum aestivum) endosperm promoter had only limited success. The galactomannan products were only slightly modified (Man/Gal up to 1.8; Joersbo et al., 2001 ). The present results establish the feasibility of obtaining highly modified galactomannan products by the alternative strategy of down-regulating GMGT, the key enzyme regulating Gal substitution during galactomannan biosynthesis.
MATERIALS AND METHODS

Materials and General Methods
Media and antibiotics for plant tissue culture and transformation were from Duchefa (Haarlem, The Netherlands). GDP-( 14 C) Man was from DuPont-NEN (Stevenage, UK). Other specialized biochemicals were from Sigma (Poole, Dorset, UK). The preparation of Aspergillus niger endo-(134)-␤-d-mannanase was the one used previously Reid et al., 2003) . TLC separations of saccharides and the quantitative digital autoradiography of TLC-separated radiolabeled saccharides have been described (Reid et al., 2003) . Endosperms from developing or mature, hydrated Lotus japonicus seeds were isolated under an MZ6 microscope (Leica Microsystems, Milton Keynes, UK). The colorless, gelatinous endosperm tissue located between the testa and embryo was easily detached and could be recovered quantitatively. The preparation of total cell wall material and its hydrolysis and compositional analysis have been described (Reid et al., 2003) . transformation events was assured by processing only one regenerated plantlet from each explant. Geneticin (G418) was the antibiotic used for selection. Control plants were regenerated from tissue culture without antibiotic selection.
Screening of L. japonicus Transformants
PCR screening of putative transformants was carried out using genomic DNA isolated (Edwards et al., 1991) from leaf tissues as template and primer pairs designed either to the promoter and terminator sequences or to one of these and the L. japonicus cDNA sequence.
Leaf tissues from L. japonicus transgenics carrying full-length sense GMGT constructs and controls were screened for GMGT activity as described previously for tobacco (Nicotiana tabacum) transgenics carrying fenugreek GMGT constructs (Reid et al., 2003) .
Screening of transformants for altered galactomannan composition in the endosperms of their (T 1 generation) seeds was carried out by preparing total cell wall material from batches of 10 dissected endosperms, hydrolyzing it, and subjecting the hydrolysate to compositional analysis. Before dissection, the seeds were swollen in water at 100°C for 5 min.
Correlating Transgene Segregation and Endosperm Galactomannan Composition in the Same Seed
Seeds were lightly scarified (fine sand paper), surface sterilized (hypochlorite), and allowed to hydrate overnight at 4°C. Each seed was dissected carefully under aseptic conditions. Embryos were transferred to petri dishes containing one-half-strength Murashige and Skoog medium with one-halfstrength B5 vitamins, 1% (w/v) Suc, and 0.4% (w/v) Gelrite for germination. When the plantlets were 3 to 4 weeks old, leaf tissue was sampled for PCR screening. The corresponding endosperms were used individually to prepare total cell wall materials that were hydrolyzed quantitatively with addition of Fuc as internal standard.
